Nucleotide excision repair (NER) is critical for the repair of DNA lesions induced by ultraviolet (UV) radiation, but its contribution in replicating cells is less clear. Here, we show that dual incision by NER endonucleases including XPF and XPG promotes the S-phase accumulation of the BRCA1 and Fanconi anemia (FA)-associated DNA helicase FANCJ to sites of UV-induced damage. In response to UV damage, FANCJ promotes RPA phosphorylation and the arrest of DNA synthesis following UV irradiation. Interaction defective mutants of FANCJ reveal that BRCA1 binding is not required for FANCJ localization, whereas interaction with the mismatch repair (MMR) protein MLH1 is essential.
Introduction:
Repair of ultraviolet (UV) irradiation-induced DNA damage depends on the nucleotide excision repair (NER) pathway. Underscoring the essential role of NER in repair of UV-induced DNA damage, inherited defects in NER genes result in the skin cancer-prone disease Xeroderma pigmentosum (1) .
In non-replicating cells NER factors sense UV-induced DNA damage and excise the lesion in a multistep process. The remaining short single-stranded DNA (ssDNA) region serves as a template for repair synthesis, "gap" repair (2, 3) . Lesions escaping NER gap repair stall replication forks and initiate checkpoint responses. Some NER factors interact with the replisome and contribute to the early S phase checkpoint response (4, 5) . In post-replication repair lesions are managed largely through DNA-damage tolerance mechanisms (6) (7) (8) . Among the recent factors found to be involved in this process is the hereditary breast cancer-associated gene product BRCA1, which function independently of NER to suppress mutations (9) .
Several lines of evidence indicate that UV-induced damage is also limited by proteins of the DNA mismatch repair (MMR) pathway. MMR factors induce checkpoints, apoptosis, preserve genomic stability, and suppress cancer induced by UV irradiation (10) (11) (12) (13) (14) . The mechanism by which MMR functions in response to UV irradiation could stem from its general role in genome surveillance and mismatch correction. Canonical MMR begins with the recognition of replication errors (15) where MSH2-MSH6 (MutSα) or MSH2-MSH3 (MutSβ) assemble and recruit the heterodimer MLH1-PMS2 (MutLα). These complexes function in the repair of mismatched bases. As such, loss of MMR confers a mutator phenotype and a predisposition to hereditary nonpolyposis colon cancer (HNPCC) (16) .
However, it is also well appreciated that MMR proteins respond to DNA damage from exogenous sources, such as to DNA alkylating agents, known to induce mismatches following DNA replication (17) . In response to UV irradiation, MMR factors could have an alternative non-canonical role in UV lesion processing given that the MSH2-MSH6 complex directly binds UV lesions (18, 19) .
Clarifying how MMR contributes to genomic stability in the UV response will be central to understanding the HNPCC variant, Muir-Torre syndrome that is characterized by skin cancers (20) (21) (22) .
Both the MMR protein MLH1 and BRCA1 bind directly to the DNA helicase FANCJ which has essential functions in activating checkpoints following replication stress, although it has not hitherto been linked to the UV-induced damage response (23) (24) (25) (26) (27) . FANCJ is mutated in hereditary breast and ovarian cancer as well as in the rare cancer-prone syndrome Fanconi anemia (FA) (24, 28) .
Complementation studies using FANCJ-deficient (FA-J) patient cells demonstrated that MLH1 binding is critical for FANCJ function in the repair of DNA interstrand crosslinks (ICLs) (24, 29) . Here, we reveal that MLH1 binding to FANCJ is also essential for the response to UV-induced damage, in which FANCJ promotes an S phase checkpoint point and limits UV-induced mutations. Because dual incision by NER also promotes FANCJ accumulation at sites of UV induced damage, and the NER endonuclease XPF was recently shown to be an FA gene (30, 31) , our analysis suggests that FA, MMR and NER pathways collaborate to process UV lesions in S phase cells to preserve the genome.
Materials and Methods

Cell Culture
A549, MCF7, and U2OS cells were cultured in DMEM (Gibco, Life Technologies) supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin. FA-J, 48BR, MEFs, GM04429 XP-A, XP2YO
XP-F, and XPCS1RO XP-G cells and their respective complements were cultured in DMEM
supplemented with 15% fetal bovine serum and 1% penicillin/streptomycin. Patient cell lines XP2YO
XP-F, XPCS1RO
XP-G and their respective complements were generated by Dr. Orlando Schärer and MSH2-/-or +/+ MEFs were a generous gift of Janet Stavnezer.
DNA constructs
FA-J cells were infected with pOZ retroviral vectors (32) , or empty vector as described earlier (23, 24) . Stable cell lines were generated by sorting with anti-IL-2 magnetic beads (Dyna Beads). The pCDNA-3myc-6xhis vectors were generated with a QuickChange site-directed mutagenesis kit (Stratagene) using published primers for FANCJ K52R (23) . GFP-polη was expressed in U2OS cells as described in (28, 33, 34) .
RNA Interference
The packaging cell line 293TL was used to produce lentiviral particles containing pGIPZ or pLKO.1
vectors and 293TD cells were used to produce retroviral particles containing pStuffer vector. Cells were transfected with 1:1:2 ug of DNA packaging versus insert using Effectene Chen. The pStuffer shRNA targeting luciferase was 5'GUGCGCUGCUGGUGCCAAC3', shFANCJ-1 5'GUACAGUACCCCACCUUAU 3', and shFANCJ-2 5'GAUUUCCAGAUCCACAAUU3'. RNAi mediated depletion of Luciferase, FANCJ, or RAD18 using siRNA reagents was performed as described previously (28) .
Local UV irradiation and Immunofluorescence
Local UV irradiation was performed as described (35) using a 254 nm UV lamp (UVP inc., Upland, CA) with a dose of 100 J/m 2 though 3 or 5 um Isopore polycarbonate membrane filters (Millipore).
Cells were fixed for 10 min with either ice cold methanol or 3% paraformaldehyde/2% sucrose in phosphate buffered saline (PBS), permeabilized for 5 min with 0.5% Triton X-100, and treated with 0.08M NaOH for 2 min. only prior using 6-4 PP or CPD Abs. Coverslips were rinsed 3x in 1xPBS prior to each step. For primary and secondary staining, cells were incubated for 40 min. each in a humid chamber, face down on a 100uL meniscus of Abs diluted in 3%BSA in PBS. Primary Abs used were anti-FANCJ (1:500 Sigma, Lot #051M4759, #014K4843), anti-pS4/S8 RPA32 (1:500 Bethyl), anti- 
Mutation Frequency Assays
The HPRT assay was performed in A549 cells as described (36) with the following modifications.
After culturing cells for 1 week in media containing hypoxanthine, aminopterin, and thymidine (HAT selection) to eliminate background HPRT mutations, cells were stably depleted of FANCJ with two unique shRNA targets versus a non-silencing control and selected with hygromycin. UV-induced HPRT mutants were obtained by seeding 6 plates at a confluence of 1x10 
EdU Labeling
EdU incorporation was performed as described previously (Limsirichaikul et (previously described (38) , anti-Bactin (1:5000 Sigma), anti-MLH1 (1:500 BD Bioscience), anti-MSH2
(1:500 Calbiochem), anti-MSH2 (mouse specific, Santa Cruz), anti-XPF (1:1000 Neomarkers), anti-ERCC1 (1:500 Santa Cruz), anti-XPC (1:1000 Abcam), anti-CHK1 (1:500 Bethyl), anti-p317 CHK1
(1:500 Bethyl), anti-RPA32 (1:500 Bethyl), and anti-pS4/S8 RPA32 (1:500 Bethyl). Membranes were washed and incubated with horseradish peroxidase-linked secondary antibodies (Amersham 1:5000), and detected by chemiluminescence (Ambersham). The ratio of phospho-protein to total protein was measured and quantified using Image J software. 
FACS Analysis
Results: FANCJ accumulation at sites of UV induced damage is dependent on NER dual incision
We examined the response of FANCJ to UV irradiation by assessing whether FANCJ accumulated at sites of UV-induced damage. Following UV-irradiation through 3 or 5 micron filters to generate sites of localized UV damage (LUDs) (35, 39) , we found that FANCJ co-localized with UV- 
FANCJ localization to sites of UV induced damage is MMR dependent
FANCJ directly binds BRCA1, which functions in the response to UV irradiation selectively in S/G2 phase cells (9, 23) . FANCJ also directly binds MLH1 (24) , which along with other MMR factors function in the response to UV irradiation and preserve genomic integrity (43) . Because both BRCA1 and MLH1 contribute to FANCJ localization and function in the DNA damage response (24, 28, 29, 44) , we investigated whether BRCA1 or MLH1 interactions were required for FANCJ localization to 
The UV induced arrest of DNA synthesis is also associated with changes in phosphorylation of the single-stranded DNA-binding protein RPA (47) . Following UV-irradiation, the 32 kDa subunit of RPA is phosphorylated on several serine residues in the N-terminal of the protein in a cell cycle dependent manner by DNA-PK and cyclin dependent kinases (48, 49) .
By examining phosphorylation of serines4/8 on RPA32 with a specific antibody, we found that in response to global UV irradiation FANCJ complementation was sufficient to enhance RPA serines4/8 phosphorylation in Furthermore, the combination of FANCJ and MSH2 depletion was not additive ( Figure S4A -C),
suggesting that FANCJ and MSH2 function in a common pathway that is not cell type specific. 
Recently NER factors were shown to promote the S phase checkpoint response, including RPA phosphorylation in response to UV irradiation (4, 5, 50) . Given that the mechanism by which NER promotes the S phase checkpoint is unclear, we considered whether the NER-dependent accumulation of FANCJ at LUDs in S phase was required. As before, XP-F patient cells were segregated into non-S and S phase cells by labeling with EdU and phospho-S4/8 RPA32 staining was detected only in S phase cells (Figure 4A-B) . We found that phospho-S4/8 RPA32 induction was 
FANCJ suppresses UV-induced mutations
Given that FANCJ is dispensable for survival after UV exposure (28), we sought to examine if FANCJ preserves the integrity of the genome, as has been found for MMR (14) . Figure 4C , the resistance to UV irradiation was unchanged ( Figure S6D,E) . Together, these results suggest that FANCJ, similar to MMR (10) (11) (12) (13) (14) , contributes to the prevention of mutations in response to UV irradiation, without affecting long-term survival following this treatment. Thus, we propose that in collaboration with NER, the MMR-FANCJ pathway is important for the response to UV irradiation in S phase to ensure checkpoint responses, genome stability and limit tumorigenesis ( Figure 5G ).
Discussion
Here, we show that both NER and MMR proteins promote the localization of the FANCJ DNA helicase to sites of UV-induced lesions to ensure a robust S phase checkpoint response. MMR proteins initially recruit FANCJ and its further accumulation requires dual incision by the NER endonucleases XPF and XPG (Figures 1C-H E; S4A-C; 5A-F; S6C). Consistent with FANCJ and MMR functioning in a common pathway, we found that FANCJ or MMR deficiency alone or in combination generated similar defects ( Figure S4A-C) .
Correspondingly, the direct interaction between MLH1 and FANCJ is essential for both FANCJ localization and function at sites of UV-induced damage, whereas the BRCA1 interaction is not required (Figures 2A-C; 3E-F) . Similar to NER, MMR proteins localize to LUDs in both non-S and S phase cells whereas FANCJ is predominantly found at sites of UV-damage in S phase cells ( Figure   S3A-C) . Together, our work demonstrates that distinct pathways merge in S phase cells to ensure a robust UV-induced DNA damage response.
These findings are important in light of the fact that defects in MMR have been associated with skin cancers found in the HNPCC variant Muir-Torre syndrome. Furthermore, we searched for both FANCJ and MMR mutations within sequenced melanoma genomes using cBioPortal (51, 52) Further supporting that multiple pathways contribute to high fidelity repair after UV irradiation, similar to skin tumors from XP patients (56) , MMR deficient and FANCJ-deficient cells display an elevated frequency of UV-induced C>T point mutations (Supplemental Table 1 
FANCJ deficiency, MMR deficiency also has modest affects on UV sensitivity despite reduced checkpoint and apoptotic responses (12, 57) . Thus, we propose that FANCJ intersects MMR and NER dependent repair pathways to promote efficient checkpoint activation, lesion clearance, and suppress UV-induced mutations ( Figure 5G ). Conceivably, in the absence of FANCJ and its checkpoint function error-prone polymerases induce mutations at sites of UV induced lesions. Indeed, the high-fidelity TLS polymerase, polη has reduced foci formation in response to global UV irradiation in FANCJ deficient cells (Figure S9A-C) . Correspondingly, MSH2 deficient cells have defective UVinduced PCNA mono-ubiquitination and TLS foci formation (58).
The NER factor XPA contributes to the S phase checkpoint following UV-induced irradiation.
However, not all NER factors are required suggesting that this checkpoint function is distinct from NER repair in G1 phase (4). Our findings further suggest that XPF promotes RPA phosphorylation in S phase cells ( Figure 4A-C) . Interestingly, XPF is the FA gene, FANCQ (30) . Given that XPF promotes FANCJ accumulation in S phase cells, our data also suggest that FANCJ functions downstream of this FA factor to promote RPA phosphorylation throughout S phase. NER dependent incision may provide a better substrate or change the DNA structure, enabling distribution of FANCJ at the lesion site ( Figure 5G ). Here, FANCJ could facilitate repair of lesions ahead of the replication fork through checkpoint induction and the arrest of DNA synthesis to limit mutation induction.
Conceivably this function is shared by FANCJ partners, such as BLM or the FA pathway explaining its link to the UV response and checkpoints that limit genomic instability (59) (60) (61) (62) . It has been long proposed that ATR-BLM and FA pathway interactions maintain genomic stability by restoring productive replication following replication stress (63-65).
The two-step mobilization of FANCJ to UV-induced lesions, localization by MMR and further accumulation after NER dependent post-incision could ensure pathway coordination. Indeed, the combined loss of NER and MMR enhances UV-induced mutagenesis (10) . While MMR and NER proteins have been shown to have overlapping substrates (66) , it remains to be determined whether they bind the same or a distinct type of UV lesion. FANCJ loading by MLH1 would be reminiscent of the requirement of the bacterial MutL, homologous to the MutLα complex, for loading helicase II (UvrD) onto DNA (67) . Helicase II functions with DNA polymerase I to release oligonucleotide fragments containing UV photoproducts (68) . In contrast to Helicase II, our data do not support a role CAN-13-2474 for FANCJ or MMR in gap repair ( Figures 4A-B,F-H; S4D-E) . However, these findings do not exclude the possibility that MMR and FANCJ contribute to the fidelity of NER-dependent gap filling.
Alternatively, loading of FANCJ by MMR factors could unwind and disrupt secondary DNA structures that impede NER processing. Indeed, MMR factors bind secondary structures such as G-4 quadruplex DNA that FANCJ unwinds (69, 70) . We also reported that FANCJ depends on MLH1 for localization to sites of DNA interstrand crosslinks (29) .
Collectively, the data presented in this manuscript provide a framework for understanding the contributions of distinct DNA repair pathways to the DNA damage response to UV irradiation in 
